ABSTRACT: Background: Brain injury after intracerebral hemorrhage (ICH) arises from numerous contributors, of which some also play essential roles. Notably, thrombin production, needed to stop bleeding, also causes acute cell death and edema. In some rodent models of ICH, peri-hematoma neurons die over weeks. Hence we evaluated whether thrombin is responsible for this chronic degeneration. Functional impairments after ICH also result from sub-lethal damage to neurons, especially the loss of dendrites. Thus, we evaluated whether thrombin infusion alone, a reductionist model of ICH, causes similar injury. Methods: Adult rats had a modest intra-striatal infusion of thrombin (1 U) or saline followed by a behavioral test, to verify impairment, 7 days later. After this they were euthanized and tissue stained with Golgi-Cox solution to allow the assessment of dendritic morphology in striatal neurons. In a second experiment, rats survived 7 or 60 days after thrombin infusion in order to histologically determine lesion volume. Results: Thrombin caused early cell death and considerable atrophy in surviving peri-lesion neurons, which had less than half of their usual numbers of branches. However, total tissue loss was comparable at 7 (24.1 mm 3 ) and 60 days (25.6 mm 3 ). Conclusion: Thrombin infusion causes early cell death and neuronal atrophy in nearby surviving striatal neurons but thrombin does not cause chronic tissue loss. Thus, the chronic degeneration found after ICH in rats is not simply and solely due to acute thrombin production. Nonetheless, thrombin is an important contributor to behavioral dysfunction because it causes cell death and substantial dendritic injury.
Stroke is one of the leading causes of death and disability in Canada. About 10-15% of strokes are caused by intracerebral hemorrhage (ICH), which has a higher mortality rate than ischemic strokes. 1 Survivors of an ICH are often left with significant neurological impairments and functional disabilities.
1,2 Accordingly, numerous animal and clinical studies have focused on the nature, timing and mechanisms of injury after ICH in an effort to develop neuroprotective therapies. These inevitably target one or more of the many mechanisms of secondary degeneration, because the primary damage from an ICH, blood dissecting through tissue, is not amenable to 'neuroprotection' per se. 3 Animal models documenting the time course of injury reveal considerable peri-hematoma cell death in the days after an ICH. [4] [5] [6] By infusing collagenase, an enzyme that damages the basal lamina of blood vessels resulting in bleeding over hours, we showed significant tissue loss even weeks after the initial bleed, 5, 6 similar to what occurs in patients. 7 Besides this, surviving peri-hematoma neurons sustain structural damage that would also contribute to functional impairments. Notably, peri-hematoma neurons show considerable dendritic atrophy after an ICH in rat, 6 which probably occurs from mechanical trauma as well as secondary degenerative processes.
Numerous mechanisms contribute to secondary damage. The release of ferrous iron from degrading erythrocytes and its consequences has received considerable attention. Studies show a steady increase in non-heme iron levels over a week that persists in the brain. [8] [9] [10] This 'free' iron catalyzes free radical reactions, thereby causing cell death, blood brain barrier damage and edema. 11 Given the time course of iron liberation, the fact that it persists in the brain for a long time and because many studies show that iron chelators limit brain injury in animal models of ICH, 11 we tested whether an infusion of iron (FeCl 2 ) would cause peri-lesion dendritic damage and chronic tissue loss as seen in the collagenase ICH model. Both effects occurred in this simplified model, 12 suggesting that iron release after an ICH has similar effects.
In the current study, we evaluated whether thrombin has similar harmful effects because it is also considered a major contributor to secondary damage. Thrombin, a blood-derived serine protease, is generated quickly to stop bleeding after an ICH begins. Thus, it is not surprising that thrombin is abundantly present after ICH, 13 However, as with iron infusions, thrombin also causes neuronal cell death, blood brain barrier damage, edema and behavioral dysfunction, which are amenable, at least in animal models, to inhibitors such as hirudin and argatroban. 11, [13] [14] [15] [16] The effects of thrombin are mediated by protease-activated receptors (PAR), especially PAR1, which are found on neurons and astrocytes. 11, 14, 16 Interestingly, lower doses of thrombin can be neuroprotective. In vitro studies show that thrombin protects rat astrocytes and hippocampal neurons from oxidative stress and hypoglycemia induced cell death, 17, 18 whereas in vivo studies have shown that pretreatment using a low dose of thrombin infusion prevents cell damage induced by a large dose of thrombin. 19 Low doses of thrombin also stimulate neurogenesis and angiogenesis, which may improve recovery after ICH. 20 In the current study we used an intra-striatal infusion of thrombin, [21] [22] [23] a simplified and commonly used model, to test the role of thrombin in causing behavioral deficits, dendritic atrophy, and early and late tissue loss. We used a moderate dose of thrombin so that it would reflect the low end of the range in damage commonly used in rat ICH studies and so that a sufficient amount of striatum remained to allow sampling of enough neurons in the peri-lesion zone. We used the Golgi-Cox stain, which is a well-established method of examining dendritic arborization. It was predicted that thrombin would cause dendritic damage in surviving striatal neurons from the peri-lesion zone. This same dose of thrombin was also used to produce a lesion that was histologically quantified at 7 and 60-day survival times. We hypothesized that protracted neuronal death would occur, leading to significant increase in tissue lost over time.
MATERIAL AND METHODS

Animals
All procedures followed the guidelines of the Canadian Council of Animal Care and were approved by the Biosciences Animal Care and Use Committee at the University of Alberta. We used 80 male Sprague -Dawley rats (250-350 g, approximately three months old) obtained from the Biosciences animal colony at the University of Alberta. Twenty were used in the first experiment whereas 34 were used in the second experiment. An additional 26 rats were used in pilot experiments (e.g., to evaluate doses by confirming acute cell death, edema, etc. -data not shown).
Rats were randomly assigned and we used blinded assessment. Animals were single housed in standard polycarbonate cages (wood chip bedding). Single housing was used to avoid the influence of social housing on dendritic morphology and potentially on cell death. Food (Purina rodent chow) and water were provided ad lib and rats were kept in a temperature-and humidity-controlled room (lights on from seven am -seven pm).
Surgery
Surgical procedures were performed aseptically. Rats were anesthetized with isoflurane (4% induction, 1.5-2.5% maintenance in 60% N 2 O, balance O 2 ). Body temperature was measured with a rectal probe and maintained at 37°C during anesthesia with a heated water blanket. After placing the animal in a stereotaxic frame a hole was drilled 3.5 mm right and 0.2 mm anterior to Bregma. A 26-gauge needle (Hamilton, Reno, NV) was inserted 6.5 mm from the skull surface into the striatum to infuse 30 μL of saline or saline containing 1 U of rat thrombin (Sigma, #T5772) over 10 minutes using an infusion pump. After a 10-minute wait, the needle was slowly removed. A small metal screw was inserted in the hole, bupivacaine was applied to the skin, and clips were used to close the wound. Note that the infusion location matched our previous work for collagenase and iron infusions.
5,10,12
Corner Turn Test (Experiment 1 only)
Turning bias was measured by repeatedly placing rats in front of two angled Plexiglas walls (41 cm in height; 30.5 cm in length) placed at 30°. The number of times out of ten trials the rats turned in a given direction was counted -it is known that rats with striatal injury tend to turn to the side of the injury. 24 Testing was done on the day prior to surgery and at seven days post-surgery, shortly before euthanasia.
Golgi-Cox Staining (Experiment 1 only)
Saline (n = 9) and thrombin (n = 11) infused rats were euthanized (100 mg/kg intraperitoneal pentobarbital) at seven days after ICH surgery and the tissue was processed for Golgi-Cox staining and analysis according to established procedures, 25 which we used previously. 6, 12, 26 Briefly, rats were transcardially perfused with saline and brains were removed and immersed in Golgi-Cox solution for 14 days. Then 200 μm thick sections were cut on a vibrating microtome (Leica VT 1200S). Five to six medium spiny neurons (averaged) in the peri-insult and contralateral striatum were chosen and drawn from each animal (20 × objective for camera lucida). These neurons were all clearly stained with no obstruction by blood vessels or loss of dendrites through sectioning. Sholl analysis and branch order analysis was performed, which estimates the dendritic length and branch complexity, respectively. The distance from the cell body to the edge of the lesion was also estimated (peri-lesion cells only).
Lesion volume was not measured in this experiment because the thick sections used for Golgi-Cox staining and the nature of the staining would have made any determination of lesion size difficult and inaccurate.
Lesion Volume (Experiment 2 only)
At 7 (n = 15) and 60 days (n = 15), thrombin infused rats were euthanized with pentobarbital (100 mg/kg IP) and transcardially perfused with 0.9% saline, then formalin. An additional four rats were infused with the same dose of thrombin, which had been previously heated to 95°C for one hour (i.e., heat inactivated) and these animals were humanely euthanized at seven days. We did not use additional saline control groups because we have repeatedly found that a saline infusion does not cause brain injury, other than a small needle track, even at long survival times. 27, 28 Coronal 40-μm thick frozen sections were cut at 200 μm intervals and stained with Cresyl Violet. An experienced investigator determined lesion volume with NIH ImageJ software (National Institutes of Health, Bethesda, Maryland, USA) on digitized images of coronal brain sections. These were taken so that they extended from anterior, through and beyond the sections with obvious tissue damage or ventricular dilation. 6, 12, 26 Besides the cavity and dilated ventricle, brain injury was visually identified as darkly stained areas that correspond to degenerating tissue and inflammation when viewed in a microscope. The volume of tissue lost was calculated as:
Tissue lost (mm 3 ) = volume of normal hemisphere -volume of injured hemisphere.
Hemisphere volume = average (area of the complete coronal section of the hemisphere -area of ventricle -area of damage if any) × interval between sections × number of sections.
Statistical Analysis
Data are presented as mean ± standard deviation (SD) and were analyzed by analysis of variance (ANOVA, SPSS v.17.0, SPSS Inc, Chicago, IL). Distance between the cell body (Golgi-Cox study) and lesion edge was also correlated (Pearson r value).
RESULTS
Exclusions
One rat from Experiment 2 died unexpectedly during surgery of unknown cause. There were no other unplanned mortality or exclusions in Experiment 1 or 2.
Experiment 1
A repeated-measures ANOVA on the corner turn test (Fig. 1) revealed a significant time effect (baseline and day seven, p < 0.001), time by group interaction (p = 0.002) but no group effect (saline and thrombin, p = 0.07). As expected, baseline scores were normal (~50%) and not significantly different between groups (p = 0.264) whereas thrombin caused a significant turning bias at day seven post-infusion (p < 0.001 vs. baseline, and p = 0.003 vs. saline). The saline controls had similar scores across time (p = 0.777) indicating that the saline infusion did not alter behavior on this test, as expected.
Golgi-Cox stained striatal neurons surrounding the saline infusion site appeared normal ( Fig. 2A, B) and similar to cells in the contralateral striatum. Conversely, the neurons in the peri-lesion zone of thrombin infused rats were markedly atrophied (Fig. 2C, D) and unlike the normal appearing cells on the contralateral side. Dendritic length was quantified with the Sholl analysis and it showed significant peri-lesion dendritic injury (Fig. 3A , p < 0.001 vs. ipsilateral saline neurons and vs. contralateral neurons of the thrombin group). The extent of atrophy was related to distance from the lesion, with those cells closest to the lesion showing the greatest dendritic injury (r = 0.405, p = 0.002). Dendrites of neurons around the saline infusion were slightly but not significantly shorter than contralateral neurons (p = 0.054). However, neurons on the contralateral side of thrombin infused rats were slightly and significantly shorter (p = 0.019 vs. saline). For the branch order analysis (Fig. 3B, C) , which reflects dendritic complexity, we found rats in the thrombin group had significantly fewer branches on ipsilateral striatal neurons compared to saline group (for orders 1-5: p < 0.001; 6: p = 0.011). The 7th order branch was near zero in most cases and thus was not significantly different (p = 0.111). The contralateral (non-lesioned) side was not significantly different between thrombin and saline groups (p ≥ 0.111). Thus, thrombin infusion significantly and substantially reduced dendritic length and number of branches in the surviving neurons in peri-lesion zone, as we had predicted. The saline control infusion had minimal effects on dendritic structure.
Experiment 2
As noted, infusing 30 μL of saline does not cause striatal injury beyond the needle tract. Here we also show that infusing heatinactivated thrombin in 30 μL of saline also does not cause injury beyond the needle tract (Fig. 4A) . In contrast, thrombin caused moderate and obvious damage to the striatum as seen at 7 (Fig. 4B ) and 60 days post-infusion (Fig. 4C) . There was also some damage to the corpus callosum at these times. The area of injury (abnormal looking tissue and areas of cell death) declined over time while the ventricle ipsilateral to the lesion expanded (ventriculomegaly). The total volume of tissue lost, which includes for ventricular dilation, was approximately 25 mm 3 and not significantly different between 7 and 60 days (Fig. 4D, p = 0.803) . This is in contrast to our initial prediction that thrombin would cause chronic injury culminating in lesion expansion over time.
DISCUSSION
We report that an intracerebral infusion of thrombin causes acute cell death and the expected behavioral dysfunction, confirming the findings of others. 13, 15, 21, 22 Those studies, however, Figure 1 : Turning prior to (baseline) and following the infusion of thrombin (1 U) or saline into the striatum. Scores were similar at baseline and near the expected 50% (normal). At day 7, the thrombininfused rats had a significant bias to turn towards to side of the lesion (*p < 0.05).
generally focused on acute cell death and did not evaluate the time course of injury, which is of therapeutic importance for identifying and refining potential neuroprotective strategies suitable for the sub-acute and chronic period. Thus we compared 7 and 60-day survival times and found that the total amount of brain injury is equivalent at these times. Thrombin alone did not cause significant chronic injury, unlike our previous findings with iron infusions. 12 This suggests that iron, but not thrombin, contributes to the development of protracted secondary brain damage we reported to occur after a collagenase-induced ICH. 5, 6 We also evaluated dendritic structure in surviving peri-lesion striatal neurons. Dendritic injury impairs synaptic communication and has been repeatedly linked to behavioral impairment after ischemic and hemorrhagic stroke. 29 In this light, the remarkable loss of dendritic length and number of branches from surviving striatal neurons in the peri-lesion zone may only lead to further functional impairment beyond that caused by thrombin-induced cell death. These data also strongly implicate thrombin production as an important cause of acute peri-hematoma dendritic injury after ICH, which we previously documented. 6 An interesting consequence of these effects is that treatments that promote thrombin production to limit hematoma expansion, such as rFVIIa, 30 might counterproductively increase peri-hematoma cell death and atrophy thereby negating the beneficial effects of reducing hematoma size.
Our study has a number of limitations and future directions that should be considered. First, we infused a 1 U bolus of thrombin in saline. For comparison, a 100-μL bleed, which is commonly infused to model ICH in rodents, 31, 32 can produce about 30 U of thrombin. This is a far greater amount than what we infused here and than that required to naturally induce clotting. 15 Interestingly, with the rat thrombin presently used, our pilot work indicated that doses of 5 U would cause severe injury and sometimes the animal's death whereas a 100-μL infusion of whole blood is less damaging and rarely lethal in rat. While thrombin is quickly produced after an ICH (minutes), the temporal and spatial Figure 2 : An illustration of the location of Golgi-Cox stained neurons drawn from A) saline and C) thrombin infused rats. The lesion is denoted by 'L' whereas an * indicates the approximate location of cells that were drawn. Cells in the contralateral striatum were also drawn in both groups (not illustrated). B) Representative drawing of normal cell in the saline treated group. D) Representative neuron from a thrombin infused rat. Neurons were hand drawn (camera lucida method) and all cells were assessed at the same magnification. A layer of concentric circles is then placed over the hand drawn neurons, shown in B and D, which is the Sholl analysis method to assess dendritic length (i.e., counts of the number of intersections with rings). Note that the distance between concentric rings is 25 μm when drawn using a 20 × objective. Thus, the number of circle crossings can be used to calculate total dendritic length (Fig. 3) .
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Volume 41, No. 6 -November 2014 717 distribution of thrombin would differ somewhat from that currently used. Specifically, the infused thrombin may more rapidly make contact with brain tissue. As well, some of the thrombin naturally produced may remain within the hematoma and not make contact with brain cells. Thus, the actual amount of thrombin coming in contact with brain may be greater in the present model than after the bleed typically used in ICH models. Other factors present in blood (e.g. anti-thrombin-III), but not in our infusion solution, would also limit thrombin's harmful activity in natural bleeding. All of these reasons help explain the apparent increase in toxicity of infused thrombin, which potentially limits the generalizability of our findings. Thus, we acknowledge the limitations of using a reductionist approach (infusing only thrombin at a low dose) and note that this paradigm has, nonetheless, been previously used to demonstrate the importance of thrombin and other agents (hemoglobin, iron, etc.) in ICH. Second, we did not study the potential mechanisms by which thrombin caused cell death, such as increased production of pro-inflammatory cytokines, which others have studied extensively, as reviewed.
11, 16 We also did not study how thrombin causes dendritic damage and whether this qualitatively (different mechanisms), or quantitatively (dose effects), differs from the mechanisms of cell death. It is possible that dendritic damage may also simply be a downstream consequence of cell death (e.g., infiltration of inflammatory cells). In the current study, however, the observation of damaged neurons well beyond the inflammatory cells surrounding the lesion suggests that separate mechanisms may be involved. Additional studies using thrombin receptor agonists and antagonists (e.g., activating and scrambled peptides as in reference 33) would help tease apart these issues (e.g., receptor specificity). Finally, while it is conceivable that peri-hematoma dendritic atrophy 6 results from mechanical forces (primary damage) after ICH, such a mechanism is unlikely after thrombin (in saline) infusion. Notably, an infusion of the same volume of saline had minimal effects on dendritic structure (vs. contralateral side) or behavior and the atrophied neurons after thrombin infusion were also obvious even at considerable distances from the lesion. Instead, in vitro work suggests that thrombin, even at low doses, causes dendritic shortening [34] [35] [36] and so it is likely that the dendritic atrophy observed here was at least partially a direct consequence of thrombin. This makes dendritic arborization a reasonable therapeutic target to improve recovery and a logical endpoint to gauge efficacy in future neuroprotection and rehabilitation studies.
Third, we cannot determine the relative contributions of cell death, dendritic atrophy or other effects of thrombin on behavioral dysfunction. ICH studies using thrombin inhibitors to limit cell death and edema 11, 16 likely also mitigate dendritic damage and thus they are not able to tease apart the various contributors to improved behavioural recovery. Regardless, it is difficult to argue that the extensive atrophy observed here would not contribute significantly to behavioural impairment. Likewise, resolution of this atrophy, which we did not assess, may contribute to functional recovery as argued for ICH and other injuries. 6, 29, 37 At least for striatal ICH, dendritic injury appears to resolve over weeks 6 , which coincides with the typical behavioral recovery seen. 28 The present histological method does not allow one to track individual neurons or branch specific changes over time, which is possible with 2-photon microscopy of cortical neurons. 29, 38 Future studies using cortical ICH and 2-photon microscopy would be able to study these issues and determine the time course of recovery as well as thresholds of injury (and hematoma size) beyond which delayed cell death occurs. As well, this approach could better determine how far atrophy extends by tracking individual cells at defined distances from the hematoma's border, which would add Fig. 2B and D) . Thrombin caused a substantial loss of dendritic branches in the peri-lesion zone that was more prominent closer to the lesion. There was no effect of saline infusion on the contralateral (normal) hemisphere. Branch order analysis (1st, 2nd, etc.), which is another measure of dendritic complexity, showed no group differences in the normal hemisphere (B) whereas the number of branches was considerably reduced in the peri-lesion zone (C). An * denotes p < 0.05.
to our findings of a significant correlation between distance to lesion edge and dendritic length (cells near the lesion had smaller dendrites).
Fourth, a small amount of chronic cell death may have gone unnoticed because the assessment of total lesion volume over time, which we used, would not be able to detect subtle changes in lesion size. Nonetheless, this standardized and widely accepted approach was sensitive to the chronic cell death found after iron infusion 12 and in the collagenase model of ICH. 6 In summary, our study shows that intra-striatal thrombin infusion led to substantial dendritic damage and acute tissue loss but did not result in protracted secondary brain injury in rat. Therefore, these Figure 4 : Representative photomicrographs showing the typical injury at 7 days following the infusion of heat-inactivated thrombin -"Control" (A). Only a needle tract is visible with no apparent additional damage. Infusion of active thrombin caused obvious injury at 7 (B) and 60-day (C) survival times. A black line demarcates the lesion zone. Note that the residual lesion zone (dead tissue) shrinks with time leading to ventriculomegaly, which is evident in B and especially C (compare sides). There was no significant difference in average lesion volume between these days (D). Lesion volume is determined by subtracting the volume of the injured hemisphere from that of the normal side, and this includes the effects of ventriculomegaly. Our quantification method uses NIH ImageJ software to delineate normal from damaged tissue on scanned brain sections. This is also illustrated in a photomicrograph (4 × objective magnification) taken from a rat at 7 days following thrombin infusion (E). The blank line demarcates the transition zone from normal looking striatum to the lesion ("L"). For reference, the ventricle is at the upper right side. An investigator blinded to group identity quantified all images.
findings support a harmful role of thrombin in the acute period after ICH, both in causing cell death, edema, blood brain barrier damage, etc., and in causing a dramatic loss of dendritic complexity (number of branches and their length) in surviving neurons in the peri-lesion area. After an ICH similar dendritic injury occurs, and thus this appears to be a suitable therapeutic target as well as a useful endpoint to gauge treatment efficacy.
